Abstract Global food security is one of the most pressing issues for humanity, and agricultural production is critical for achieving this. The existing analyses of specific threats to agricultural food production seldom bring out the contrasts associated with different levels of economic development and different climatic zones. We therefore investigated the same biophysical threats in three modelled types of countries with different economic and climatic conditions. The threats analysed were environmental degradation, climate change and diseases and pests of animals and plants. These threats were analysed with a methodology enabling the associated risks to be compared. The timeframe was 2012-2050 and the analysis was based on three underlying assumptions for 2050: the world population will have increased to 9 billion people, there will be a larger middle class in the world and climate change will be causing more extreme weather events, higher temperatures and altered precipitation. It is suggested that the risks, presented by the biophysical threats analysed, differ among the three modelled types of countries and that climate zone, public stewardship and economic strength are major determinants of these differences. These determinants are far from evenly spread among the world's major food producers, which implies that diversification of risk monitoring and international assessment of agricultural production is critical for assuring global food security in 2050.
Introduction
Global food security is one of the most pressing issues for humanity. The first of the UN's eight millennium development goals is to reduce the proportion of the world's population that suffers from hunger by half between 1990 and 2015 (UN 2000 . Agricultural production is critical for achieving global food security (Godfray et al. 2010; Nayyar and Dreier 2012) , as are factors such as economic development for everyone, fair international trade agreements, and sound global and national governance (Rosegrant and Cline 2003; von Braun 2009) .
Agricultural production of food depends on several policy, economic and biophysical conditions. Biophysical threats to agricultural food production, or parts of it, such as scarcity of natural resources (Childers et al. 2011; Khouri et al. 2011) , climate change (Battisti and Naylor 2009; Thornton 2010) , and land degradation (FAO 2011; Pimentel 2006 ) have recently been analysed separately. Moreover, agricultural hazards have generally been assessed within a single geopolitical unit-e.g. globally (Cordell et al. 2009 ), or in relation to a particular regional or national territory (Khouri et al. 2011; Thornton et al. 2011 ). This itemized approach has the important drawback of ignoring interactions among threats.
Well aware of the complexity of the issues related to agricultural production and attached ideological controversies, we here aim to assess the risks presented by some wellrecognised biophysical threats jointly and globally. We assume that risks, capacity for risk management and risk perceptions vary depending on the economic and climatic conditions. We therefore investigate the same set of threats in three constructed type-countries: type A-country, similar to presentday Sahel countries; type B-country, similar to present day SE Asian Countries; and type C-country, similar to present day Northern European countries. Obviously, within each typecountry there might be different agroecological zones with varying vulnerabilities to the threats. The set of threats analysed in respective sub-section are:
& environmental degradation & climate change & pests and diseases of animals and plants These threats are assessed for their probability to materialize and their impact on food production in the three type countries. This method enables the risks associated with each of the threats to be compared. After assessing the risks presented by the various threats, we compare the outcomes in the type countries and discuss the threats to future food production in the context of global food security.
Methods

Risk analysis
The risk analysis was based on an expert study of peerreviewed literature conducted by the authors of this paper. In the analyses of different threats to future food production, risks were treated as a function of two factors: the probability that a threat will materialize, or become actual, and the impact the threat would have on agricultural production if it did indeed materialize. We graded each of these on a simple ternary scale as follows:
& Probability estimates were categorized as: Low -the threat will materialize less than once during the next 40 years; Moderate -the threat will materialize more than once every 10 years; or High -the threat will materialize more than once annually. & Impacts of a threat that has materialized were categorized as: Small -less than 20 % of the production is lost in the type of country being analysed and the damage will be restored within 1 year; Medium -more than 20 % of the production is lost, but the damage will be restored within 1 year; or Large -more than 20 % of the production is lost and the damage will persist over several consecutive years.
Three economic and climate settings
The three types of country were modelled on some basic economic and wealth indicators and climate zone characteristics as described below.
Type A country. Average per capita income per year is less than 1000 USD, and life expectancy is less than 55 years. There are weak institutions in this country. The country is located in a tropical climate zone with wet and dry seasons. This zone extends northward and southward from the equator to 15-25°latitude. Every month has an average temperature above 18°C, and annual precipitation is greater than 1,500 mm. There is an extended dry season; precipitation is concentrated in the wet season. Type B country. Average per capita income per year is 4,000-9,000 USD, and life expectancy is around 70 years. The efficiency of institutions in this country is intermediate. Such a country is often referred to as an emerging economy. It is situated in the tropical monsoon climate zone, extending north and south from the equator up to 25°latitude. In this climate every month has an average temperature above 20°C. Annual precipitation, falling primarily in the hottest months, is greater than 1,500 mm. During the dry season there is little precipitation. Type C country. Average per capita income per year is 30 000-50 000 USD, and life expectancy is about 80 years. The efficiency of institutions in this country is good. The country is located in the temperate climate zone, where there are comparably warm summers and cold winters. The average temperature of the warmest month is above 10°C, while the coldest month is below −3°C. The annual precipitation of 1,000 mm is distributed over the year.
Baseline scenario
The timeframe of the analysis is from now to 2,050. By the end of this period world population is expected to have reached 9 billion, according to the so-called 'medium variant' outlined in World Population Prospects (UN 2011). Further, the proportion of middle class people will rise from an estimated 27 % in 2,009 to 42 % by 2,020, and to as much as 59 % in 2030 (Kharas 2010) . Hence, the middle class is expected to increase in numbers and as a fraction of total world population. Middle class food consumption generally involves increased demand for high value foods such as meats, fresh vegetables and fruits, which tends to put greater pressure on the agricultural sector. By contrast, poor households consume a higher proportion of grain, or cereals, and tubers (Seal et al. 2003) . The Intergovernmental Panel on Climate Change (IPCC 2007) has presented a range of future climate scenarios. The present study focuses on the scenario with moderate average temperature increase (1-2°C) and increasing frequency of weather extremes (Hansen et al. 2012 ) with considerable differences in changes between temperate and tropical climate zones (Parry et al. 2007) Description of the threats
Environmental degradation
Land degradation The United Nations Environmental Programme (UNEP 2007) defines 'land degradation' as a longterm loss of ecosystem function and services caused by disturbances from which the system cannot recover unaided. The degradation can be caused either by natural phenomena or by human activities, and of course land degradation of natural origin can be reinforced by the action of man. However, our understanding of land degradation, and its extent and causes, is fragmented, and there is no consensus on its global importance (De Jong et al. 2011) .
According to expert opinion, an estimated 15 % of the global land area is seriously affected by land degradation, and 46 % and 38 % are moderately and lightly affected, respectively (Bridges and Oldeman 1999) . These estimates have been criticized as subjective and as exaggerations of the extent of land degradation, especially in arid and semi-arid regions ( (Nkonya et al. 2011 ) and references therein). More recent measurements of vegetation cover (Bai et al. 2008) , as revealed by the time series of Normalized Difference Vegetation Index (NDVI) , highlighted ongoing land degradation in humid areas. With the exception of Australia, dryland areas did not stand out. Re-greening trends were found in the Sahel. This global trend in land degradation was later confirmed for Sub-Saharan Africa (Vlek et al. 2010) . Africa south of the equator experienced the greatest land degradation, with 13 % of the global ongoing degradation. Some of what has, in the past, been regarded as anthropogenic land degradation around the Sahara can probably be attributed to climatic fluctuations (De Jong et al. 2011) . The use of NDVI as a proxy for land degradation has also been criticized from a methodological viewpoint. New global estimates of land degradation based on expert opinion, taking into consideration soil factors, ecosystem services and land-use classes, are currently under development (FAO 2011) .
Contrary to what is widely believed, land degradation often seems to decrease with increasing population densities at local level, and possibly also globally Bai et al. 2008; Nkonya et al. 2011) . This is perhaps explained by the intensified use of good agricultural soils and the reduced pressure on marginal land that follow a rise in population density. Increased utilization of agricultural land and leakage of nutrients inevitably lead to nutrient depletion (Sheldrick et al. 2002; Stoorvogel et al. 1993 ) if replenishment strategies are not actively pursued.
Policies operating at different levels can directly influence land degradation, e.g. through payments for ecosystem services and subsidies. Access to markets and appropriate land tenure systems provide the means and incentives for increased agricultural productivity and investment ( (Nkonya et al. 2011) and references therein).
Chemical and radioactive pollution Chemical and radioactive pollution of land may be the result of the continuous release of substances from disparate sources, or of more dramatic events such as industrial accidents or the deliberate delivery or release of toxic waste. Although it is known that chemical pollutants reach agricultural soils by a number of different routes, including air, rain, irrigation, and direct application as pesticides, even in countries with developed monitoring systems it is difficult to estimate how seriously the soil is contaminated (Montanarella 2007) . While human exposure to contamination can be linked to adverse health effects (Cheng 2003; Oberson and Lafon 2010) , it is difficult to find evidence in the international literature of severe, large-scale production losses, or of losses of agricultural land, that are due to acute pollution; the exception here is metal pollution (Zheljazkov 1996) . Even so, land has been deemed unsuitable for agricultural production after industrial accidents, based on risk assessments focusing on food safety. For instance, after the 1986 nuclear accident in Chernobyl, in the Ukraine, approximately 4,000 km 2 of land were set aside as unsuitable for habitation (IAEA 2001) .
Losses in agricultural production due to heavy metal contamination and surface ozone exposure might be important in some areas (Chepurnykh and Osmanov 1988) . Here the significance of ozone may grow in the future (Avnery et al. 2011) . Experimental data shows that cadmium at concentrations of less than 1 micro Molar, which can be found in certain soils, can adversely affect the photosynthetic capability of some plants (Prasad 1995) and, additionally, it has been suggested that decreased yields of rice in Iran are associated with concurrent increases in cadmium burden (Kalantari 2006) . Soil burdens of cadmium are directly linked to, and correlate with, agricultural production, as the main source of cadmium is phosphate rock fertilizer. Cadmium is also present in sewage sludge used as fertilizer (Pan et al. 2010) .
Some industrial chemicals (such as polychlorinated biphenyls, or PCBs), industrial contaminants (such as dioxins) and low-use pesticides (such as DDT) are considered persistent organic pollutants. There is evidence that these substances (PCBs being a case in point) can be toxic to plants, but at levels several orders of magnitude higher than found in soils irrigated with water contaminated by these chemicals (Holoubek et al. 2009; Wang et al. 2010; Weber and Mrozek 1979) . However, these substances are of real concern from the perspective of food safety, as they may reach humans via contaminated foodstuffs of animal origin, particularly seafood (Guo et al. 2009; Zhao et al. 2006) .
Microbial pollution of soil and water Microbial pollution is defined as pollution with pathogens, including bacteria, viruses and parasites. The pathogens may be zoonotic, i.e., affecting both humans and animals, or species specific and may enter agricultural systems in various ways. They can be borne by polluted water or by organic material that is used as fertilizer (Hunter 2003; Tirado et al. 2010) . Pathogens of animal origin can accumulate in the environment following an outbreak of disease of the kind resulting in large amounts of pathogen-contaminated animal waste (e.g. manure or carcasses). Such waste might contaminate water sources, or the land on which the waste is collected, stored, buried or subsequently spread as fertilizer. Hence, microbial pollution of an agricultural environment can pose health risks to both humans and animals and may render agricultural activity impossible.
As with chemical pollution, it is difficult to determine the extent of agricultural losses that are due to large-scale microbial pollution through a review of the literature. In addition, microbial pollution is more often an obstacle to food safety than food security.
Water contaminated by human and animal pathogens is generally unsuitable as drinking water, as it might cause infections and consequent loss of production. For the same reason, such water is also unsuitable for the irrigation of crops that are to be consumed raw or used as feed for animals. In general the importance of maintaining the good microbial quality of freshwater is internationally acknowledged (Fewtrell et al. 2005) . Similarly, pathogen-contaminated fertilizers can pose a risk if they are applied to crops intended to be consumed raw by humans or animals. Both animal manure and human faecal material are sources of pathogens (Barrett et al. 2000) . In type C countries, exposures may follow the release of untreated sewage water into the water supply system following extreme weather conditions or accidents such as ruptured sewage pipes (Cabral 2010) . In type B and type A countries the release of human pathogens can also be associated with absent or insufficient wastewater treatment, or poor sanitation and outdoor defecation (Bartram and Cairncross 2010) .
Climate change
Extreme weather events As climate change progresses, heat waves, droughts, storms, heavy precipitation and floods are expected to become more frequent (Hansen et al. 2012; Parry et al. 2007 ). Subsequent damage, such as erosion, leakage of soil minerals, landslides and the contamination of soil and crops by animal or human pathogens, salt or chemicals, all lead to loss of land for agricultural production (Miraglia et al. 2009; Lindgren et al. 2011) . Direct effects include damage on infrastructure that may affect food production and reductions in harvests and livestock caused by floods or drought. Several infectious diseases affecting livestock, such as anthrax and blackleg, may emerge after extreme weather events (Bezirtzoglou et al. 2011; Skovgaard 2007) .
Further, after flooding, especially when it is combined with high temperatures, an increase in insects that may act as vectors for pathogens may be observed. For instance, the livestock disease, Rift Valley Fever, depends on still water, which serves as oviposit-places for its vector mosquitoes (Githeko et al. 2000; Nardone et al. 2010) . Similarly, extreme weather events might alter pathogen transmission dynamics and the presence of insects and pests, and this may in turn impair crop production (Jaggard et al. 2010; Miraglia et al. 2009 ).
Gradual changes: animal production Heat stress can increase mortality and cause metabolic diseases in production animals. It can also reduce fertility, feed intake and immunological response, which in all cases tend to result in decreased production (Nardone et al. 2010; Sartori et al. 2002; Thornton et al. 2009 ). The intensive indoor production of pigs and chickens is especially vulnerable to raised temperatures, as increased mortality may result if supplemental cooling is not provided. Owing to its high metabolic rate, the modern, highyielding dairy cow is also sensitive to heat stress (Black et al. 2008; Sartori et al. 2002) . Extended periods of drought may also lead directly to shortages of feed and drinking water, further reducing production.
Increased temperature also affects vector borne diseases. It does so by, for example, increasing the intensity of blood meals in female mosquitoes, the vector's reproductive rate, and the virus's replication rate while in the vector (Pinto et al. 2008) . A northward spread in the northern hemisphere of ticks and biting midges-vectors for Lyme disease and blue tongue, respectively-has already been noticed (Forman et al. 2008; Van den Bossche and Coetzer 2008) . Moreover, the raised presence of harmful mycotoxins that is due to humidity and warm climate makes storing food and feed perilous. Further, climate-change driven modifications of the composition of grass species can affect the productivity of grazing animals by lowered forage quality owing to lignification (Thornton et al. 2009 ).
Gradual changes: crop production Within the concept of anthropogenic climate change, several distinct factors, which affect crop production rather differently, can be isolated. Experimental evidence suggests that increase of atmospheric CO 2 concentration stimulates both photosynthesis and biomass production in a range of crop (C 3 ) species (see e.g. (Ainsworth and Long 2005) ). However, recent evidence suggests that elevated temperatures have a negative impact on the same physiological processes, and that the combined effect of both increased CO 2 and temperature may lead to decreased photosynthesis and biomass production (Ruiz-Vera et al. 2013 ). In addition, heat stress during pollination will increase the vulnerability of several commodity crops (Sage and Kubien 2007; Semenov and Shewry 2011) , especially in areas where crops are grown close to the critical temperature limit for photosynthesis (Ruiz-Vera et al. 2013 ). In contrast, higher temperatures may prolong cultivation seasons and lead to higher yields in northern latitudes and colder areas (Eckersten et al. 2011) .
Climatic variability is expected to increase and will affect the production of major crops negatively (Lobell et al. 2008) . The increase in inter-annual weather variation could make crop failures more likely, by making crop management designed to maximize yield and quality and minimize environmental impacts more difficult. Moreover, crop production may decline as a result of rising biotic stresses caused inter alia by pests and the invasion of alien weed species (Anderson et al. 2004; Garrett et al. 2011) . Hence, the effect of climate change on crop production is both direct (on ecosystems) and indirect (dependent upon our ability to adapt cropping system, management and profitability to the changes caused by these impacts). Their ability to develop and apply new technologies will determine the extent to which different countries and regions succeed in adapting to climate change (Varshney et al. 2011 ).
Pests and diseases in animals and plants
Transboundary animal diseases Transboundary animal diseases are highly contagious and easily transmitted within and between livestock populations. They therefore threaten the economic health of the livestock sector, the livelihood of farmers, and ultimately food security. Zoonotic transboundary animal diseases may impede livestock production for public health reasons. A good example of this is the global epidemic of the highly pathogenic avian influenza (H5N1) originating in East Asia in 2003 (Kaufman 2008; Sims et al. 2005) .
The massive outbreak of foot-and-mouth disease in Great Britain, 2001, with losses estimated at around 3.1 billion GBP, illustrates well the threat from transboundary animal diseases to livestock production and food security (Thompson et al. 2002) . The impact of a contagious disease depends on the virulence of the pathogen, the production system, livestock and farm density, biosecurity routines, the capacity of veterinary services, the extent of trade in the animals and animal products, and human and wildlife population densities and their proximity to livestock (Otte et al. 2007; Rossiter and Al Hammadi 2009; Stegeman et al. 2002) . The relative weight of these factors varies and can depend on economic development (Forman et al. 2009; Graham et al. 2008 ) and governance.
There has been a notable increase in the number of farmed animals in East Asia, especially in poultry and pigs reared in confined production systems (Thornton 2010) . Generally, large-scale intensive animal production units are established in densely populated areas (Steinfeld et al. 2006) . In these large-scale systems, outbreaks of infection may be devastating-something that serves to highlight the importance of effective biosecurity (Sherman 2010 ). The urbanization in type A and type B countries also brings with it an increase in small-scale, backyard animal production in cities, where there is bound to be contact between humans and animals.
Changes in ecosystems can also facilitate the transmission of transboundary animal diseases between wild and domestic animals (Harrus and Baneth 2005) . A classic example of this is the transmission of the Nipah virus from fruit bats to domestic pigs, and ultimately to humans, in Malaysia in 1999 (Chua 2003) . Once established, an infection can rapidly spread to countries with vulnerable livestock populations through international travel and through trade in animals, animal products, and foodstuffs, threatening livestock production (Sherman 2010; Thornton 2010) . The importance of trade was apparent in the outbreak of swine fever in Great Britain in 1986. The disease was thought to have been caused by the feeding of unprocessed food swills containing imported pig meat (Williams and Matthews 1988) .
Plant diseases Key elements of plant disease epidemics that determine the occurrence and severity of a particular plant disease include abundance and susceptibility of the host (crop plant), abundance and virulence of the pathogen, and favourable environmental conditions (Agrios 2004) .
Agricultural practices that increase host density such as increase of field aggregation, field size and crop species uniformity tend to increase the severity of plant disease epidemics (Ayliffe et al. 2008; Stuthman et al. 2007 ), as such practices both increase host vulnerability and facilitate movement of the plant pathogen. In addition, genetic uniformity of cultivars contributes to a greater vulnerability of the host, and low genetic variation is associated with few traits conferring resistance to a particular pathogen (Tadesse et al. 2010) . Thus, if the pathogen evolves to overcome the genetic resistance, the result can be crop failure on a massive scale (Forbes and Jarvis 1994) . Abundance of plant pathogens is also largely influenced by international exchange of seed and planting stock. In fact, global trade and exchange has contributed to the dispersal of many pathogens into regions of the world where they previously did not exist (Zadoks 2008) . Also, the movement of people from and between low and middle-income countries, carrying there own food and dodging border controls, may contribute to the spread of pathogens. Hence, the specialized agriculture commonly found in the industrial world with large fields devoted to uniform crop cultivars, higher planting densities and increased usage of fertilizers may increase the risk of spread of a plant disease (Stuthman et al. 2007) . However, it is generally difficult to predict the spread of plant diseases (Garrett et al. 2011 ) and the magnitude of their effects depend both on environmental conditions and plant-pathogen interactions (Wellings 2007) .
Results
A summary of the criteria used for classification of probability and impact in the risk assessment is given in Table 1 . The risk assessments as well as the justification of the assessments are presented in the following.
Environmental degradation
Land degradation
The probability of land degradation in a type A country, which has a pronounced dry season followed by heavy rains, is assessed as high (Fig. 1a) , with water erosion a key factor. An intensification of agricultural production, and appropriate soil protection measures on suitable soils, is less likely, owing to the lack of appropriate land tenure systems, policies and infrastructure, as well as limits on functioning markets with incentives for investment. Sustained poverty with increasing population density would result in a high probability of increased land degradation through the over-utilization of resources, nutrient depletion, and the conversion of marginal lands into agriculture land. This trend is liable to be reinforced by a climate with more extreme events, such as longer drought periods followed by intensive rains and flooding (see also subsection "Climate change" below). The impact of land degradation here is estimated to be large, as considerable parts of the land would be affected and the damage would be only partially reversible.
A type B country may experience a temporary increase in environmental degradation as a result of economic growth and the exploitation of land. However, if the economic growth is accompanied by appropriate policies, both in agricultural production and environmental protection, there could be a decrease in land degradation. Hence, the probability of degradation is estimated to be high, and the impact of such degradation is estimated to be medium, as means of rehabilitation could be available.
A type C country would be capable of counteracting most causes of land degradation. It would also be able to mask some of the effects of degradation through its increased use of, for example, fertilizer. The probability of land degradation is therefore estimated to be moderate, and the impact small.
Chemical and radioactive pollution
It is estimated that, in a type A country, chemical production will increase and the chemical industry will continue to grow from a comparatively low level (OECD 2001 ). This will, in turn, increase the risk of acute chemical spills, with possible implications for food safety. The use of phosphate fertilizers can vary among type A countries, from virtually nil to levels Table 1 The criteria for probability and impact used to compare the risks of the different threats to food production 2012-2050 Probability Low Moderate High < 1in a 40 year period > 1 in a 10 year period > 1 yearly Impact Small Medium Large < 20 % lost, and restored within 1 year > 20 % lost, and restored within 1 year > 20 % lost, and the damage will last over several years similar to those in developed countries (FAO 2012) . Phosphate fertilizers may need to be used to increase, or maintain, food production, but they lead to increasing levels of cadmium in the soil that is mainly a food safety problem. Further, in countries where water is scarce, contaminated water is used for irrigation. Thus, the probability of increased chemical pollution of agricultural land in the type A country is high. However, the overall impact on agricultural production within the timeframe of this review is estimated to be small (Fig. 1b) . A type B country will likely face an even greater expansion in its chemical and metal industries, and correspondingly a rise in associated risks. There are indeed areas with high levels of chemical pollution in emerging economies, e.g. China. Again, the threat to food safety is presented mainly by the use of cadmium-contaminated fertilizers. In the long run cadmium levels may also affect crop yields. Nuclear accidents in type B countries cannot be excluded, but previous experience shows that although vast lands have been excluded from food production by such accidents, agriculture remains possible in neighbouring areas. Overall, the probability of an increase in chemical pollution of agricultural lands in a type B country is estimated to be high, while its impact on agricultural production is estimated to be small.
In a type C country organic contaminants and metals can be found at a variety of levels as a result of their historical and ongoing release into the environment. However, neither the continuous release of these substances nor acute accidents are likely to have any major ensuing effect on agricultural production. Nuclear accidents in type C countries should be assessed in much the same way as they are in a type B country. In type C Fig. 1 Risk assessment of threats to agricultural production in a lowincome country in the tropical climate zone (Type A country), in a middle-income country in the tropical climate zone (Type B country) and in a high-income country in the temperate climate zone (Type C country). Graphs show estimated risks of detrimental effects on agricultural production by land degradation (a), Chemical and radioactive pollution (b), Microbial pollution of soil and water (c), Extreme weather events (d), Gradual effects of climate change on animal production (e) and crop production (f), Transboundary animal disease (g) and plant disease (h) countries phosphate fertilizers are widely used, and concerns therefore arise about the safety of cadmium levels in food. The probability of dramatically increased chemical and radioactive pollution of agricultural lands in the type C country is low, and its impact on agricultural production is small.
Microbial pollution of soil and water
In a type A country the probability of microbial contamination is high, considering both the outbreak of diseases within livestock populations and the spread of pathogens from manure, sewer leakage and open defecation (Fig. 1c) . However, the impact is likely to be small: the pollution will often be restricted to a local area as a consequence of limited water distribution and low intensity of agricultural production.
In a type B country proper wastewater treatment is often not implemented. As mitigating resources might also be limited, there is a high probability of contamination. In addition, the highly intensive agricultural production systems used in type B countries may promote the systemic spread of pathogens. Hence the impact here is rated as medium to small.
In a type C country, with developed sewer systems, sewer disruption is less likely to occur. The presence of many of the pathogens in agriculture produced in a type C country can also be handled later in the food chain-e.g. by means of slaughterhouse practices such as the freezing or heat treatment of carcasses, various decontamination procedures followed during the production process, and recommendations on preparing food at household level such as washing the item before use. These mitigators, which can be costly, are likely to reduce the probability of microbial pollution in type C countries to moderate, and the impacts of such pollution are likely to be small.
Climate change
Extreme weather events
In a type A country the probability of flooding and storms is expected to be high, and the ensuing impacts large, especially in low coastal zones, where poorly built farms and grazing systems could readily be destroyed by floods (Fig. 1d) . The impact of drought is expected to be large in view of the limited irrigation. For livestock, both direct lack of drinking water and the risk of starvation arising from destroyed pastures and forage production could follow. Mass movements of animals may follow extreme weather events and cause epizootics, e.g. by increasing contact and disease transmission among animals from different areas, as well as between livestock and wildlife. Heat extremes might have a less severe impact in the tropics, where the animal breeds are generally well adapted to high temperatures.
In a type B country the impacts of extreme weather events may be almost as devastating as they are in a type A country, even if buildings and draining systems are somewhat more stable. Droughts would ruin crops and interfere with forage production in type B countries, too, although the impacts are likely to be less serious given the more developed water supply systems. Semi-cyclical weather events, such as El Niño, which may affect several type B countries, could become more extreme as the result of climate change and lead to the destruction of arable and grazing land. Heat waves may cause further problems. These will arise mainly in the intensive indoor animal production of pigs and chickens-a kind of production now rapidly growing in these countries. The probability of extreme weather events is high. Even so, the overall assessment of the impact is medium, as this type of country has greater economic resources to cope with the climate change threats.
A type C country could experience severe effects of flooding and storms during the acute phase, but after these events agricultural production will probably return to normal quite soon. Drought may cause problems, but investment in new technologies ought to mitigate this. The impact of heat waves is rated as medium, but the avoidance of more substantial impacts will require investment in cooling systems that mitigate heat stress in the animals. Generally, the probability of extreme weather events is moderate, but the impact of these events will be small.
Gradual changes: animal production
In type A countries the probability of negative impacts on animal production arising from increased temperature may be high (Fig. 1e) . Animal breeds in tropical climate zones are often well adapted to high temperatures. All the same, productivity may decrease when temperatures rise. For pastoralist livestock production even small increases in temperature in marginal areas may reduce productivity or even destroy herds. Also, in production systems based on forage production, the impact may be large, as here there tend to be limited opportunities to buy supplementary feed from other areas. Thus the capacity to adapt to changes in the supply of feed is generally poor.
In a type B country the probability of negative effects on animal production owing to gradual changes of climate are rated as medium, as this type of country has, in general, better ability to cope with the threats of climate change. However, densely populated areas, especially in coastal regions, may be faced with land destruction following rises in sea level, salt and flooding. This would affect animal production markedly. As a consequence of rapid economic development, urbanization and other factors, animal production is largely shifting from smallholder and backyard farms to huge industrialized systems of intensified production. The vulnerability of these different systems also varies. Grazing animal production systems may run into trouble. However, supplementary feed and water may be more readily available here than they are in type A countries. Increasing temperatures may represent a challenge for the indoor production of pigs and chickens, because cooling systems are expensive and therefore scarce.
In a type C country the probability for impacts on animal production due to gradual changes of climate is small. In fact, a prolonged vegetation period in the temperate climate zone may have a positive impact on animal production. The impact of gradual climate change on animal production is rated as small, in view of the fact that investment in new technologies may allow climate problems to be overcome, but production costs may increase. Examples here include the extraction of fresh water from seawater and the cooling, or reconstruction of stables to mitigate heat stress on the animals. Although animal production will be affected significantly when critical temperatures or levels of precipitation are reached in an area, production will probably soon function again after adjustments have been made to the production systems.
Gradual change: crop production
In a type A country, where there is generally reliance on a few dominant species, the negative impact on crop production of factors attributed to climate change is large, because the resources in these areas, such as technology and infrastructure, needed to adapt agriculture to any changes are scarce (Fig. 1f) . A further reason is the increased risk of prolonged drought, which might cause complete crop failure with fatal consequences for local food supply. The probability that this will occur is rated as moderate.
Gradual climate change, and the agricultural intensification that is expected to occur in a type B country, are both drivers of emerging infectious diseases in plants (e.g. through altering the distribution of invertebrate vectors and by introducing new pathogens). Wet weather tends to favour fungal and bacterial pathogens; dry conditions favour insect vectors and viruses.
In addition, increased average night-time temperatures may also reduce the efficiency of radiation use in commodity C 3 plants such as wheat and soy, which may lead to lower productivity and lower yields. The probability of negative effects occurring is rated as high, whereas the impact, which depends heavily on targeted breeding efforts and the adoption of new technologies, is rated as medium.
Increasing average temperatures and a higher frequency of heat stress incidents during critical parts of the cultivation season (e.g. pollination) may also affect crop productivity negatively in the type C country. However, in parts of the temperate world and for certain crops, production is today essentially temperaturelimited. In these areas, the impact of gradual increases in average temperature and CO 2 may even be positive, because rising temperatures offer opportunities for prolonged periods of vegetation, increased crop yield, additional harvests per season, and the cultivation of new feed crops. The probability of a negative impact on crop production is moderate and the impact, which is very much dependent on successful breeding of heat stress tolerant and pest resistant cultivars, is rated as medium.
Pests and diseases in animals and plants
Transboundary animal diseases
Type A countries are vulnerable to transboundary animal diseases: they tend to have less developed institutions and governance, and they may lack proper public animal health systems. Once introduced, a transboundary animal disease may spread rapidly as the result of lax controls, ineffective preventive measures and poor biosecurity, and may become endemic. The probability of an outbreak of transboundary animal disease in a type A country is assessed as high (Fig. 1g) . Its impact on food production is ranked as somewhere between medium and large because the resources needed to control or eradicate diseases are in general poor, even if animal densities tend to be low.
In a type B country the probability of outbreak of a transboundary animal disease is assessed as high, because the animal industry is often rapidly expanding, sometimes with limited attention to biosecurity. Animal farms in densely populated urban and peri-urban areas present the main risks. Here, large intensive units, as well as small and medium-sized farms that keep their animals in backyards, can be expected to operate. For the latter, biosecurity is often insufficient and a large number of humans and livestock live in close proximity. This obviously facilitates cross-species transmission. The impact of the outbreak of a transboundary animal disease in these settings is assessed as medium. It is not quantified as large because there may also be larger-scale intensive production units, operated more professionally and with better biosecurity.
Type C countries have the public structures and resources to control and eliminate transboundary animal diseases. They can largely prevent outbreaks through effective biosecurity mechanisms and respond rapidly when any such outbreaks do occur. Despite this, the probability of a transboundary animal disease outbreak in type C countries is assessed as moderate, because the farms are often large and operate intensive production units in areas with high livestock density. In these production systems there is a real risk of sub-optimal biosecurity: once a transboundary animal disease is introduced it can spread rapidly within a herd, and the short distances between farms facilitates further between-herd transmission. On the other hand, the impact of transboundary animal disease on food production is estimated to be small, given the excellent veterinary services available.
Plant pests and diseases
In many type A countries farmers rely primarily on host plant resistance to control plant disease. If the resistance becomes ineffective owing to changes in the virulence of pathogens, there are few alternative means to avoid crop losses. The arrival of a more aggressive strain of any pathogen may therefore result in an increased need for pesticides and chemicals that are unavailable in type A countries. This situation presents a considerable risk to crop production in type A countries and there the impacts are likely to be large and the probability is moderate (Fig. 1h) .
In a type B country the arrival of a new pathogen creates problems for production, but the magnitude of the problem is often less than it is in a type A country. This can be due to factors such as better availability of pesticides and chemicals. The impacts are medium and the probability of occurrence is moderate
In a type C country the impacts of newly arrived plant pathogens on crop production are small and the probability of infection is moderate. In this type of country crop production is expected to withstand influxes of pathogens through increased application, or more efficient use, of suitable pesticides. In addition, breeding, and then introducing, pathogenresistant cultivars promote resilience in the plant production system. However, legislation designed to reduce chemicals in agriculture, and certain types of certified production system, such as those in the organic sector, that prohibit use of pesticides, may increase the risk of crop failure caused by pests and disease. This will be particularly significant if breeding goals directed towards plant pathogen resistance are not adopted.
Discussion
We have tried to investigate, in a broad and general sense, if a set of biophysical threats to agricultural food production poses similar or different risks in countries with different economic and climatic conditions. Notably, the risk assessment focuses on threats to national agricultural production and not on food security, which also depends on the ability of a country to increase imports. The ability of individual countries to compensate for national losses in agricultural production is dependent on several factors such as overall global agricultural production and food availability -which, in 2050, may be different from today.
In the assessment it is assumed that the world's middleclass population will grow, and that climate changes will continue. As previously stated, the risk assessment includes the probability of a threat materializing, and the ability we have to mitigate and reverse the impacts of that threat. Some threats, such as land degradation, chemical pollution or average temperature increase, are gradual, or chronic, and may have a cumulative impact. Others, including disease outbreaks and extreme weather events, are more direct or acute. The impacts of a single threat may be limited to a specific food commodity. Alternatively, they might involve an entire agricultural system. Obviously, several of the threats analysed here are interconnected, but the causalities or hierarchies among the threats can be difficult to establish.
In a type A country the threats were judged to present the greatest risks. This finding suggests a high probability of several threats materializing, and deficiencies in the resilience of the agriculture production systems, i.e. a limited ability to compensate for and recover from the damage caused by the threats analysed.
Several threats in a type B country were judged to have a probability of materializing similar to a type A country. However, none of these threats would have a large or serious impact. These findings indicate that agricultural production in this type of country occurs under conditions where major threats may actualize, but the resilience is more advanced than it is in type A countries. Notably, the impacts of chemical, radioactive and microbial pollution were assessed as small in all type countries. The one exception was microbial pollution, which was deemed small to medium in type B countries. However, the negative impact of pollution is more closely related to the safety of any foods produced (i.e. its freedom from toxic levels of radioactive substances or pathogenic microbes) than to the reduced ability of a country to produce food. This kind of safety demand is flexible. It varies of course, with level of income and the availability of the relevant food.
In type C countries none of the threats analysed were assessed as presenting a very substantial risk. However, impacts of gradual climate change on crop production have a moderate probability of materializing and may have a considerable impact on the productivity of specific commodity crops. Nevertheless, although several threats here had a moderate probability of materializing, the impacts were generally assessed as small. This is likely to be attributable to the actuality that public stewardship and functional institutions as well as economic resources (including know-how and technological development) are critical in mitigating and reversing adverse impacts.
We suggest that the assessed high probability for several of the threats to materialize in type B countries is due to the rapid expansion of agricultural production without concomitant development and implementation of regulations. This vulnerability could be even more serious if contingency plans for threats are insufficiently developed. It might be easier to generate support and marshal resources for response strategies focusing on cumulative impacts than it is to do the same for impacts that are direct, or acute, and are actualized only occasionally. Certainly, funding for 'public insurance' of this sort is generally more difficult to find in type A and type B countries. It is possible that the global spread of avian flu after 2003 was assisted by rapid prior expansion of intensive poultry production in areas where the veterinary infrastructure, biosecurity and legislation were not well developed.
In addition to wealth, geographical location influences the assessment of the risks. In the present analysis, the impacts of climate change are greater at lower latitudes, i.e. where the type A and type B countries are located. However, the negative impact of gradual temperature increase on the productivity of certain commodity crops such as soy, wheat and maize may affect the productivity of these crops in both type C and type B countries. As animal feed is commonly produced for a global market, this may also have a secondary negative impact on the profitability and sustainability of animal production.
Locally within a particular country, a materialized threat may have a severe impact on the livelihood and food security of affected farmers. Nationally and globally, impacts on food security depend on whether the threat is general, and affects most kinds of production in a region (as, for example, extreme weather events and land degradation do), or specific (such as a plant pest infecting just one specific crop variety). Equally, at the global level, impacts on food security depend on the commodity under threat: if corn production or chicken production were seriously compromised, more people would be adversely affected than would be the case if the production of peppers or rabbits were compromised.
Conclusion
The overall conclusion of this study is that geographical location, public stewardship and economic strength appear to be the major determinants of differences in the risks presented by several biophysical threats to agricultural production in different kinds of countries. As these determinants are far from evenly spread among the world's major food producers, diversified risk monitoring and international assessment of agricultural production will play a critical role in assuring global food security in 2050.
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